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ABSTRACT

We describe a randem aerial survey method for borelenose dolphins (Tarcfops
franceatas) that uses two aircraft and independent observer reams ro conduct
consecutive surveys of the same coastal strip one hour apart. Alrernatively,
une aircratt wich one observer ream surveys the same coastal SErIp twice over
several hours. Using mark-recaprure analysis, we corrected susvey counrs for
visibility bias resulting from missing delphin groups ar the surface and sub-
merged groups. Delphin groups were considered “recaprured” when we de-
termined thar both observer teams had derected the same group. This tandem
method is highly useful for escimating abundance (and visibilicy bias) for
species where population closure may be assumed between flights. We as-
sumed population closure berween flighes and matched groups using gen-
graphic location, group size, and expecred travel rares. We derive a new vari-
ance estimator of population size which incorporates group-size variabilicy
commonly encountered in ceracean surveys. From six tandem surveys con-
ducted from 1991 to 1994, we estimated the abundance of southern California
coastal borrlenose dolphing to be berween 78 (95% CI 60-102) and 271
{240-306) animals, with an average of 140 (128-154% Variability in abun-
dance estimares is likely due to seasonal and incerannual movement of animals
along the California and Baja Califoenia coase, Abundance estimaces from
tandem surveys averaged 53% higher than dolphin counts obeained from
individual survey Highes, demonserating the importance of correcting for vis-
ibilicy bias,

Key words: coastal bortlenose dolphins, Tursisps framcacsr, California, abun-
dance, tandem aerial survey, double-count, mark-recapeure, visibility bias,

Aerial surveys of dolphins will typically yield underestimares of abundance
because observers fail to detece dolphin groups that are submerged or are
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overlooked because of observer inexperience, fatigue, or adverse survey con-
dictions such as sun glare or rough seas. Marsh and Sinclair (1989) coined the
terms availability and perceprion bias, respectively, for these forms of visibilicy
bias. Simulraneous double-count surveys can be used with mark-recapture
models to correct for perception bias (Pollock and Kendall 1987, Estes and
Jameson 1988, Grabam and Bell 1989, Marsh and Sinclair 1989, Poovin e
al. 1992, Buckland er &/, 1993, Rivest et af, 1993, Manly ef a/. 1996). Surveys
of this type generally rely on ewo independent observers or ohserver teams to
conduct simultaneous counts from the same aircraft or sighring plarform. Be-
cause the counts are simulranecus, diving animals and animals obscured by
turbid warer may be missed by boch observer teams. Thus, correction factors
for availabality bias must be construcred from a model of che animal’s diving
behavior (Barlow e o/, 1988, Marsh and Sinclair 1989). Alrernacively, tandem
surveys separated sufficiently in cime provide double-counts that can be used
to correct for availabilicy and perception bias (Buckland and Turneck 1992;
Cockeroft e &/, 1992; Palka 199%; Laake & &/. 1997, Hiby and Lavell, in
press). The tandem survey we describe represents an extension of the experi-
mental methods of Cockerofe e af. (1992) and the mathematical applications
of Potvin & af. (1992) and Rivest & o/, (1993).

From 1991 to 1994 we conducted six tandem aerial surveys to estimarte the
abundance of coastal borclenose dolphins (Tarsiops trwcatas) in southern Cal-
ifornia. Coastal boctlenose dolphing are primarily found within 1 km of shore
and, based on previously published morphological and behavioral dara (Walker
1981, Hansan and Defran 1993), demonscrace liccle or no interchange with
the offshore population of California bottlenose dolphuns. The most recent
estimates of abundance for the coastal population are over a decade old and
are based on photographic mark-recaprure daca collecred berween 1981 and
198G (Hansen 1990, Hansen and Defran 1990). We present more recent abun-
dance estimates from six tandem aerial surveys using double-counts to correct
for visibility bias. We also derive a new variance estimartor for popularion size
which incorporates cthe group size variability commonly encountered in ceta-
cean surveys (Appendix). In addicion, we summarize the results from 16 non-
tandem and incomplete tandem surveys conducted from 1990 to 1994,

Marerials anp METHODS
Field Methods

Our main study area extended from the 1.5 /Mexico border (32°32'N) to
Point Conception (34°27'N), along approximately 430 km of coasthine (Fig.
13, hereafrer referred to oas the Southern California Coastline or SCC, One
survey extended farther norch to Moneerey Bay (815 roral km of coascline).
The survey aircraft were ewin-engine Parrenavia P-68s, Hown ar an alticude of
213 m (700 fr) and an airspeed of 185 km h™' (100 kn)'. Surveys were flown

YA NOAA DeHavilland Twin Oreer aiccraft wich an equivalent viewing configurarion was
usee| for rwo surveys conducred in April 1991,
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Frgure I.  Map of study area, including location of all 277 sighrings () of coastal
bottlenose dolphins. Only one survey conducted berween Poine Conceprion and Mon-
terey Bay.

ar a distance of 300 m from the shore {calibrated using a clinometer), alchough
vecasionally, the distance increased to near 500 m when maneuvering around
points, coves, and bays along the coase. We chose this distance to maximize
the sighting efficiency of observers, based on independent observarions char
coastal borclenose dolphins in southern California are found within 250 m of
shore 90% of the time and within 300 m of shore 99% of che rime (Hanson
and Defran 1993}). Surveys were conducted in Beaufort sea states 0—4 wich
clear or mostly clear skies (<50% cloud cover). In addition o the pilot, a
team of three observers and one dara recorder was present on all flighes, Two
observers, positioned on the inshore and offshore sides of che aircraft, respec-
rively, searched beneath and o the sides of the wircraft through bubble win-
dows. The inshore observer searched from rhe rrackline (flight path) to the
shore. Although the oftshore observer's field of view extended well offshore,
this observer concentrated searching effort wichin 300 m of the rrackline o
maximize sighting efficiency. A third observer searched through a window in
the belly of the aircraft and searched from che trackline our to 150 m per-
pendicular distance, All three observers reporred sighring and environmeneal
data directly to the dara recorder, who entered the informacion into a laprop
compurter linked to the aircraft’s navigarional system, When dolphing were
detected, the observer(s) informed the data recorder and chen the plane circled
over the dolphin group, generally for =15 min. The aircraft made several
passes over the group to allow the three observers and data recorder to count
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the number of animals present, The highest actual count was reached by
consensus and entered into che sighting record.

We conducted surveys on 22 dates berween 1990 and 1994, Six complete
randem surveys were Hown, whereas all others consisted of single-aircrate sur-
veys or incomplete tandem surveys where only a porrion of che roral coastline
was surveyed, Five of the complete candem surveys used two aircraft and
ohserver teams, which surveyed the same coastal strip approximately one hour
or 183 km apare. This distance was chosen to mainrain a safe distance berween
the two aircraft because of the need to circle over dolphin groups for up o
15 min and to prevent visual contace or cuing of the trailing team to groups
derecred by the leading ream. A sixth complere tandem survey used one air-
craft and observer team that surveyed norch and southbound legs of the coast-
line several hours apare. Only the six complete tandem surveys were used in
the mark-recapture analysis. For the five two-aircrafr tandem surveys, che lead
aircraft was idencified as fight | and che trailing airceaft as fighs 2. The
observer team on flight 2 was not aware of the numbers or locations of dolphins
seen during frgbt | For the sixth single-aircrafr tandem survey, the norch-
bound leg was designated fight I and the southbound leg flight 2.

Analytical Methods

In the field we recorded aggreparions of dolphins as “sightings.” Sightings
usually consisted of animals within several body lengths of each ather. Fre-
guently, several aggregacions in apparent association {subgroups) were found
within 0.5-2 km (less than a minute of flight time) of each other. Rarely,
these subgroups were evenly spaced over a distance of up o 6-8 km (2-3
min flight eime). At the analysis stage, chese subgroups of “associated” animals
were pooled and defined as one “group.” We combined subgroups beeause our
data sugpgested char splicting and merging of subgroups frequently occurred
between flights, and we also observed such behavior while counting animals.
Approximately one-third of our groups, as defined, are the resule of subgroup
pooling. All dolphin groups deteceed during fipht 1 (by observer team 1) were
considered “marked.” Groups were considered “recaprured” if we determined
thiat the same group (or part thereot) was detecred during fight 2 (by observer
ream 2).

Our study did not rely on simultaneous counts, so we had to make as-
sumprtions abour group travel speeds ro determine which groups were recap-
tured. We considered groups detected duning flights 1 and 2 to be unique
{not recaptured) if the distance berween them would have required the group
o exceed an assumed maximem growp travel speed between the time of the two
encounters. We chose a maximom group cravel speed of 9.3 km b= {3 kn),
based on prior information about dolphin travel speeds and observarions of
relatively fast traveling groups derecred during our study. Au and Perryman
(1982} have shown that pelagic dolphins of the genus Srenella traveled from
9.4 o 16.3 km h' (5.1 to 8.8 kn) when acuvely avoiding research vessels.
Most reports of bottlenose dolphin travel speeds are between 1 and 6 km b
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(0.6 to 3.2 kn) (Irvine st @f. 1981, Cockeroft er af. 1992, Mare o 2/, 1999,
Cockeroft er af. (1992) suggested an upper speed of 6 km h-' (3.2 kn) for
coastal bortlenose dolphins off South Africa, and chese authors used an average
group travel speed of 3.5 km h™' (1.9 kn) as their “critical speed” in 2 similar
mark-recaprure analysis. Because the choice of a maximum group cravel speed
is somewhat arbitrary, we completed a sensitivity analysis, using four maxi-
mum group cravel speeds of 3.7, 5.5, 74, and 9.3 km h=' {2, 3, 4, and 5 kn)
to test the effect of each speed on our abundance estimares, Reducing the
assumed maximum group travel speed would result in fewer “recaprured”
groups berween Hights, thus increasing che abundance estimates and vree veria.
We emphasize group caprure data for the maximum group rravel speed of 9.3
km h™', because these dara provide the most conservarive estimates of abun-
dance,

Observed group size was used as a second facror in che determinacion of
group recaptures. Sighrings detected on both flighes in geographical proximicy
to one another were only considered recaprured if the smaller counr was ar
least 50% of the larger one. An example from our data is a group of 32
animals detected during flight | that we considered a separate group from a
sighting of one dolphin detected during flight 2 ar nearly the same location
2.1 h later. Even if the single dolphin was previously observed as part of the
group of 32, effectively a "group” of 31 animals was missed by observer team
2. Considering the two observations of 1 and 32 animals as a recaprure would
result in an overestimare of che detection probability. Although we cannor be
100% certain abour all recaprures, we are confident that geographic position,
expected maximum group travel speed, group size, and the tendency of groups
to remain within the narrow coastal scrip covered by our flights serve as four
good criteria on which to base recaprures. We believe very few dalphins exited
or entered the study area to and from offshore areas, and we have assumed
population closure berween the two flights. Confidence in our recaprures is
bolstered by the face char encounter rates of bottlenose dolphins along the
coastline were quite low (2.25 sighrtings/100 km searched).

Small secrions of our study area (<10% of che toral), such as coastal airpore
trafhic-contral regions, were frequently inaccessible o one or both flighes. Oc-
casionally, one of the two flights was permitred access to a segment unavailable
to the other flight, Daolphin groups seen in these situations were syscemarically
omitted from our mark-recaprure analysis, as were all groups seen during
periods of non-crackline efforr (7.6, off-effore sighrings).

Estimation of Detection Probability and Correction Factors

Dolphin groups were classified into two size strata denored by the subscript
Ay small groups of 1-10 animals (5 = 1) and large groups of 11 or more (%
= 2). This strarificarion split our sample approximarcely in half and is idencical
to a group size stracification used to estimate the detecrion probability of
dolphin groups on previous aerial surveys in California (Forney er af. 1905),
When observer ream counts of recaprured groups differed slighely (eg., 12
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amimals ¢5. 9}, the higher coune was used to determine the group size stratum
{Poovin e 2f. 1992).

Let a1y, represent the number of groups of size strarum B, thar were seen
only by obsetver team 1 (£ = 1), only by observer team 2 (¢ = 2}, or by both
observer teams (4 = 3). The estimators for the probabilicies (p,) of detecting
a group in size stratum £ by each observer team (& = 1 and & = 2, respecrively)
are:

M My

and jar-.*. =

L =t Ty H =0 s

Po = (1)
These estimators assume the caprure (detection) probabilicies are different for
the two flights. This 1s equivalent to the Lincoln-Petersen approach (Seber
1982) and to model M, of Otis & af. (1978).

Within each stratum £, we estimated a visibiliry bias correction facror {g,)
for groups missed by boch observer teams. The correction factor 15 defined as
the inverse of the probability thar a delphin group in size stratum 4 is seen
by ar least one observer team. This correction factor is applied co che roral
count of unique groups seen (n; = my + m,2 + #,,) to provide an estimate of
the total number of groups in the study area, The estimator for the correction
factor is (Ravest ef &f. 1995)

P 1 _ Ry Msa
L= [(1 — gL — ppa] o My

tp =
We used the bias-corrected version (Rivest er @/, 1995) which is equivalent to
the bias-correction for the Lincoln-Perersen estimator derived by Chapman

{1951)

(2}

= Mty
B i T 3
i g (s + 1) .
The variance of &, is (Rivesr ot o/, 1995):
!-'[FI,} — ”?::”I:] EE:':HH 5% ]-:W-'.]{f-"hj — 1} (4)

a7, + 1)° - mydey, — 1 + 10w, + 2y

We calculated the values of £, & , and +{&,) by pooling the n,; values from six
tandem surveys. Such pooling was necessary due to the relatively small number
of groups derecrted on each tandem survey, which, in some cases, would have
resulted in zero recaprures. Rivest ef af. (1993) recommend thae small serata,
with less than six groups seen by both observer teams, be avoided, When
calculating the values of §, &, and #{&), it is important to note that delphin
grawps, and not the number of individuals, are che analysis unics (Rivest ef af,

1995).

Estimation of dolphin abundance, T

Let ay represent the number of animals in group size stratum $ counted
by observer team & The double-count, or che toral number of animals seen
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during a randem survey {(a; ), 1s determined by adding the number of animals
seen by both observer teams (4;;) to those seen exclusively by ohserver reams
L {a;,) and 2 (@;.). For a given survey, the estimartor of toral dolphin abundance
T is (Rivest ef al. 1995}

= 2 fadts _ E Cotts By (5)

=1 f w=t f

where [ is the fraction of the area sampled, and 7, = 4, /n, is the mean group
size In scracum B,

In their scudy of deer populations, Porvin & af, (1992) and Rivest ef @/,
(1995%) randomly selected survey parcels (2} and extrapolated observed deer
densiries to the total scudy area. For our surveys, we omit the parcel subscripr
¢ from our formulae because our sampling fraction, £, is treared as one, because
virtually the enrire study area was surveyed each time.

The variance of T derived by Rivest et a/. (1995) did not account for Eroup
size variability within scracum b, because the number of deer in a group of
size b was constant. In our study we do not have complete seratification of
group sizes, because our small groups (5 = 1) are defined as conaining 1-10
animals and large groups (4 = 2) contain 11 or maore. Rivest & af. (1993)
derived a variance formula thar conrains threee rerms: o7 (variance due to ran-
dom seleccion of survey parcels), o; (binomial variation in the number of
animals seen), and o7 (variance in the population estimate due to the esti-
marion of correction factors 7 ), A fourth term, o7, which incorporates the
within-strarum variance in group size has been added for our study. Because
we surveyed the entire area (Ze, f = 1), the first term, o2, drops out of the
variance calculation and «(T) is reduced to:

i) =a2+ o+ o’ (G)

The recommendation of Rivest & af. (1995} for incorporating group size into
the variance is incorrect and could subsrantially underestimare ;. The correce
formulation of the variance with all four components is derived in the Ap-
pendix,

Besuirs

Berween 1991 and 1994 we surveyed a total of 11,940 km and recorded
277 borclenose dolphin sightings (Fig. 1). Of these, 269 sightings were re-
corded while on survey effort, and the remaining eight sightings were made
while off effort, Total dolphin counts by a single observer ream for all com-
pleted surveys were highly variable, ranging from 38 w 215 animals (Table
1), Overall mean dolphin encounter rates were 2.25 sightings/100 km and
48.8 animals/ 100 km. Of 269 on-effort sightings, 234 (B7%) were detecred
either inshore of, or on, the trackline, demonstrating the dolphins’ strong
association with surf zone habicac (Fig. 2).

During the six tandem surveys, 5,377 km were surveyed and 107 sighrings
of borclenose dolphins were recorded. After pooling sightings of closely asso-
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Table 1. Summary of aerial surveys conducred on 22 dates berween 1990 and 1994,
Information from six randem surveys used in our mark-recaprure analysis shown in

hold,

Maximum
dolphin Toral km
Drare COune Survey type surveyed

23 May 1990 42 single-aircraft 429

3 April 1991 (& single-aircraft (incomplece) 236

5 April 1991 44 single-aircrafr 432
12 June 1991 35 single-aircraft 415
29 Auguse 1991 60 randem flighr 1 251
29 Auguse 1991 66 randem flight 2 311
23 Ocrober 1991 215 randem flighe 1 440
25 Ogrober 1991 118 wandem flight 2 (incomplere) 269
21 December 1991 147 single-aircraft 436
22 December 1991 147 single-aircraft 435
25 February 1992 181 single-aircrafe 403
26 February 1992 157 single-aireraft 380
21 April 1992 195 single-aircraft 402
22 April 1992 117 single-aircraft 427
21 July 1992 56 tandem Highr 1 431
21 July 1992 i tandem fight 2 417
22 July 1992 3R single-aircraft 435
21 May 1993 30 single-aircrafr {incomplere) 130

2 June 1993 211 tandem flight 1 413

2 June 1993 108 randem flight 2 425

3 June 1993 118 single-aircraft 402
13 July 1993 99 tandem fighr 1 447
13 July 1993 120 tandem flight 2 44()
14 July 1993 57 single-aircraft 451
10 August 1993 91 tandem fighe 1 419
10 Augusc 1993 97 tandem flighe 2 429
11 Augusc 1993 a7 single-aircraft 448
25 July 1994 145 tandern fight 1 34
25 July 1994 107 tandem fight 2 763

* Survey extended north ro Monrterey Bay.

ciated animals into gresps, che 107 sighiings were redefined as 61 dolphin
growps, accounting for the splitting and coalescing of subgroups at the maxi-
mum group travel speed of 9.3 km h™! (Table 2). Of the 61 groups, 28 (46%)
were seen by both observer teams and 33 (54%) were not recaprured, Of the
33 groups not recaprured, 26 (79%) were small groups of 1-10 animals. Of
the 28 recaprured groups, 17 (61%) were large groups of 11 or more animals.
Differences between observer team counts for the 28 recaprured groups were
small but increased wich group size (Fig. 3). Observed group size was highly
varizhle, ranging from 1 to 99 animals (£ = 13.0, 5D = 14.1). The mean
probability, £, of detecting a group by one observer team was esrimated as
0.47 for groups of 1-10 animals and 0.84 for groups of 11 or more (Table 2).
The visibility bias correction factor was estimated as 1.36 (CV = 0.12) for
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small groups of 1-10 animals and 1.01 (CV = 0.013) for groups of 11 or
more (Table 2,

Abundance estimartes (T), evaluared ar @ maximum group rravel speed of
9.3 km h !, were highly variable and ranged from 78 (95% CI 60-102) to
271 (240-306) animals (Table 3). The mean number of dolphins utilizing che
SCC over rhe six tandem surveys was 140 (95% Cl 128-154). Double-counts
{a; ) averaged 41% higher (range from six tandem surveys = 20%—62%) than
mean counts obrained by a single observer ream, where the mean count was
calculated as ({w;, + @,,) + (2, + @;,,)1/2. Abundance estimates averaged 53%

Tuble 2. Summary of dolphin groups detected on six tandem sarveys by each ob-
server team evaluaced ac four maximum group-travel speeds, Given are number of
groups of size category 4 detected by observer team 1 only (n,,), team 2 only (x,.), by
boch teams (#;;), and collectively (). Also shown are sighring probabilities p, for each
observer team, mean sighting probabilicy £ group correction facror (&) calculaced from
Equation 3, and variance #() of correction factor calculated from Equation 4.

Travel speed n,, me m

A

i Hy i ez Fa & M)

Small grouwps (1-10)

9.3 km'h 10 16 1 37 (.41 .32 0.47 136 26 ® 104
74 km/h 12 17 10 39 037 045 041 148 43 x 102
5.3 km/h 13 17 10 40 057 044 040 150 4.6 % 100
37 km/h 17 24 6 47 020 026 023 224 030
Large groups {Z=10)

9.3 kmi'h G 17 24 094 074 084 101 19 % 1o
7.4 km/h i} 2 14 24 [r.89 0,73 (h51 1.03 5.1 ¥ 10
3.3 km/h g 4 14 26 078  (.ad (71 1.08 2.4 > 10°%
37 km/h 11 B 10 29 056 048 052 128 19 x 10-?
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Figure 3. Comparison of 28 recaprured group counts by observer ream. Solid ling
represents 1:1 count ratie.

higher {range = 39%—73%) than mean counts obrained by a single observer
ream and 9% higher {range = 3%—17%) than double-counts.

Abundance estimaces increased when the assumed maximum group travel
speed was decreased, Thas elfect was purely analytical, as fewer groups were
considered recaprured ar lower speeds. The difference in escimares obrained
over the maximum group-travel speed mange of 3.5-9.3 km h ! was neghgible,
but increased in most cases when the maximum group-travel speed was re-
duced to 3.7 km h™' (Fig. 4a—f). Evaluared at a maximum group-travel speed
of 3.7 km h!, abundance estimates for che six randem surveys ranged from
115 (95% CI 65=202) to 369 (95% Cl 235-380) dolphins, with an average
of 227 (95% CI 173-298). We believe thar estimates obrained ar chis maxi-
mum group cravel speed are posicively biased for reasons given in the Dis-
CUSSION SECTIO0;

Discirssion
Geagraphic Ranye

California coastal borelenose dolphins regularly occur wichin 1 km of shore
from Ensenada, Mexico (31°52'N) o Monterey Bay, California (37°00'N),
with groups occasionally seen as far north as the San Francisco Bay area
(37°40'™N) (Hansen 1990, Hansen and Defran 1990, Wells & =/, 1990, Fein-
holz 1996). A stranding record of & coascal borclenose dolphin 100 km north
of Seattle, Washington represents the northernmost occurrence for this pop-
ulation {Ferrero and Tsunoda 1989). Animals photographed near 5an Diego
have been resigheed G70 km o che norch in Moncerey Bay (Wells ¢ o, 1990)
and movement of individuals between Orange County, California (33°40'N)
and Ensenada, Mexico, has been documented (Defran ¢ /. 1986), The region
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between Ensenada and San Quintin, Mexico (30°30'N) has been tentarively
proposed as the southern boundary of the population, based on the rarity of
phorographic recaptures between San Quinein and Ensenada (Caldwell 1992),

Because our surveys covered only a portion of the coaseal botrlenose dol-
phin's north-to-south range, our abundance estimates should not be taken to
represent the population total, buc rather only those animals utilizing che SCC
on & given survey date, The survey from which we obrained our highest es-
timate of abundance, 271 (95% CI 240-306), covered approximarely half of
the population’s known range, and the number of animals vutside the surveyed
area 15 unknown.

Camparison with Previows Eitimeates

Hased on phortographic mark-recaprure surveys conducred from 1981 o
1983, Hansen (1990} estimarted 240 (95% CI 120-477) coastal bottlenose
dolphins for San Diego County, from a rotal of 123 idencified individuals.
From 1984 to 1986, another photographic mark-recaprure survey of the same
area resulred in point estimates of 1,418 to 1,686 dolphins, from 2195 iden-
tified individuals, but no level of statistical precision was given for chese es-
timates (Hansen and Defran 1990). A comparison of the recapture dara from
cach study revealed strong sice fidelicy of dolphins to San Diego county from
1981 to 1983 and minimal site fidelicy from 1984 ro 1986, Hansen and
Defran (1990) proposed thar the much higher 19841986 estimates resulted
from a shifr in che distribution or abundance of coastal bottlenose dolphins in
southern California triggered by the 1982-1983 El Nifio. This hypothesis is
supported by the documenred range expansion into ceneral California follow-
ing the 1982-1983 El Nifio (Wells er 2/, 19900, Prior to this evenr che only
records of bartlenose dolphins in cencral California consisted of cramial material
dating to the 1800s collecred in San Francisco Bay and Monterey Bay (Dall
1873, True 1889, Orr 1963). It is likely that the 1984-1986 estimares of
1,400-1,600 dolphins presented by Hansen and Defran (1990) were positively
biased by low resighting rates associated with a decrease in site fidelity near
San Diego precipitated by the El Nifio. In fact, when photographs from che
1981-1983 and 1984-1986 surveys were pooled, only 264 animals wich dis-
tinctive dorsal fins were found to have visited San Diego Counry berween the
years 1981 and 1986 (Defran & o/, 1986).

A direct companison of abundance estimates obtained with photographic
mark-recaprure surveys with these from our aerial surveys is complicaced for
a few reasons. First, there has been a well-documenred range expansion of
coastal bottlenose dolphins north inco cencral California (Wells & &/, 1990,
Feinholz 1996). Secondly, over a decade has passed since the photographic
surveys were conduceed, during which time two Bl Nifio evenrs have occurred.
Finally, our SCC survey area is much larger than the ares for which photo-
graphic mark-recaprure estimares were ohrained, Despite these differences, the
number of dolphins estimated by Hansen (1990) for the San Diego area (240,
95% CI 120-477) is similar to our highest estimare for che SCC (271, 95%
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Figure d{a—f},

Estimares of abundance T and log-normal 95% confidence intervals

for cach of six candem surveys evaluated at four maximum group-teavel speeds, Esci-
mates for the southern California coastline (SCC) oanly.

CI 240-306). Similarly, anly 264 dolphins were photographically identified
from the San Diego study area between the years 1981 and 1986, including
animals that ranged south to Ensenada and north to Monterey Bay (Defran e
al. 1986, Wells ¢ af. 1990, Feinholz 199G). Taken together, these values
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might suggest thac the number of dolphing using rthe SCC has remained
relatively stable over the last decade. This is plausible, given that many dol-
phins phorographed near San Diego ranged throughour southern and cencral
California, as well as south to Ensenada (Defran e o/, 1986, Wells er 2/, 1990).
However, such conclusions are confounded by the high varmbilicy in dolphin
counts from our surveys, oceanographic changes associated with El Nifio, and
a relative lack of syscematic survey coverage in cencral California and norchern
Baja Calitornia, Mexico. It should be noted thae the only survey for which our
survey effort extended north to cencral California yielded an estimare of 171
(95% CI 147-197) dolphins (Table 3), which is still less than our highest
estimate obtained from the SCC; 271 (95% CI 240-306). A comparison of
these two estimates makes it tempring to speculate abour the size of the
California-wide population, bur any conclusions would be capricious, consid-
ering the high intersurvey vanability of our estimates.

Sarvey Design and Analysis Constderations

Our analysis was based on the following assumprions: (1) the population
was closed between the first and second flighes, (2) detection probabilities were
independent for each flight, and (3) recaprured groups were correctly marched.
Population closure between flighes was a reasonable assumption because bor-
tlenose dolphins occupy a very narrow coastal scrip and we surveyed a very
long section of coast with only one hour (in one case several hours) berween
flights. However, the remaining two assumprions may not have been sarished
fully. The second assumption implies chat detection probabilicy is independent
of observers, weather, the group's distance from the crackline, err. We expect
that perpendicular distance to the dolphin group will affect derection proba-
bility, bur we assume that the perpendicular sighting distances (and detection
probabilities) of groups seen between Highes separared by an hour or more are
independent, given thar dolphin groups are likely to move wichin the survey
strip berween flights.

Accuracy in maeching recaprured groups largely depends on our assumprion
about travel speed. Differences berween abundance estimares obrained over the
range of four maximum group cravel speeds of 3.7 to 9.3 km h ! were refa-
tively small (Fig. 4a—f). The highest abundance estimate obtained ar 2 max-
imum group travel speed of 3.7 km h ! was 369 (95% €1 235-580), for a
tandem survey conducted in June 1993, The corresponding estimare, assuming
a maximum group travel speed of 9.3 km h™!, was 271 (95% C1 240-306)
dolphins. Despite differences berween the rwo estimates, the smaller point
estimate of 271 scll falls wicthin the 95% conhdence interval (235-580) of
the larger estimate. We believe that estimates obtained when assuming a max-
imum group cravel speed of 3.7 km h ! are positively biased, because borele-
nose dolphins are capable of faster travel (Irvine & @/, 1981, Cockeroft ef al.
1992, Mate ¢ al. 1993) and our recaprure data indicares that many groups
exceeded this rate over a period of an hour or more. When we limic the
maximum group travel speed to 3.7 km h!, groups char travel faseer than
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this berween the oime of cach Highe will be analyeically treated as not recap-
tured, when in face they are recaptured. The advantage of assuming a maxi-
mum group travel speed of 9.3 km h™! is thar groups moving berween 3.7
and 9.3 km h ! can be correctly assigned as recaprured, while analytically
having no effect on extremely slow-moving or stationary groups, which would
already be considered recaprured ar 3.7 km h™'.

The tandem survey design we have presented is well swmted to the popu-
lation of Calitornia coastal bottlenose dolphins, bue there are cavears to con-
sider when designing such surveys for orher species or geographical areas.
Because California coaseal borclenose dolphins remain so close to the coase, our
surveys essentially covered the entire habitae occupied by the animals, There-
fore, it was unnecessary to estimate detection probabilities as a funcrion of
perpendicular distance or exerapolate animal densities to a larger area. This is
clearly a unique siruacion and demonstrates che need to carcfully examine
assumpeions when ucilizing similar double-count methods for other species or
geographic areas. In most aerial line-transect surveys only a proporcion of a
species’ habirar will be surveyed, and effective strip width and animal densicies
may have to be esimated. However, mark-recaprure methods can seill be used
to estimate visibility bias in conjunction wich standard aerial line-transect
surveys, For an illusrracion of such a combined line-transect and mark-recap-
ture type experiment, we refer the reader to the work of Alpizar-Jara and
Pollock (1996).

One should also consider the behavior and distriburion parterns of cthe rarger
species when deciding if double-counts should be simultanecus. In our study
we were able to separate che cwo flights by 185 km or more because California
coastal botelenose dolphins inhabit such a narrow coastal serip, thus allowing
us to assume population closure berween flighs, In addicion, animal densicies
were quite low, which allowed us o confidently match groups seen an hour
or more apart. In contrast, a double-count survey for a species such as the
harbor porpoise (Phacoena phucsena), would require a simulraneous (or nearly
so) double-count because harbor porpoise often occur ac hugh densities, which
would make matching of groups seen more than a few minutes apart tenuous.
Also, the assumption of population closure (within a survey scrip) berween
flights would likely be invalid for harbor porpoise, as their habirar is noc as
geographically rescriceed as thar of California coastal botrtlenose dolphins. For
harbor porpoise a two-aircraft design would not suffice unless che aircraft were
in close proximicy (Hiby and Lovell, in press).

We estimared detection probabilities and visibilicy bias correction facrors
by pooling the results of six tandem surveys. When practical, survey-specific
detection probabilities and correction factors should be estimated, becanse vari-
ables such as observer experience, animal densities, weacher, tidal phase, and
warter turbidicy may ditfer for each dace (Marsh and Sinclaic 1989). Pooling
was necessary because the number of groups encountered on each survey was
insufficient to avoid cases of zero recaprures or cases where a small number of
recaprures {<0) would have severely biased the escimation of correction factors
(Seber 1982, Rivest e ol 1993} In the future, tandem surveys will be ex-
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tended north o central Califormia, which may provide us with a sufficient
number of recaprures to estimate survey-specific detection probabilities and
correcrion factors. Failing this, we will continue o pool dara from tandem
surveys to estimate average probabilities and correction factors, We will likely
base future zbundance estimares on che average of a series of several tandem
surveys, given that we have found dolphin counts to be highly variable be-
eween individual tandem surveys. This variability in dolphin numbers is likely
due in part to variation in detection probabilities for each survey, as well as
the movement of animals to and from Mexican warers.

The ability of tandem aerial surveys to provide correcred counts of coastal
bottlenose dolphins aver a large scudy area in a matter of several hours s
encouraging. While photographic mark-recaprure srudies provide valuable in-
formarion on the movements and life history of individuals, they often require
years £o collect sufficient daca to estimate population size. We recommen:d that
tandem aerial surveys continue to be used on a periodic basis to monitor the
population of coastal bartlenose dolphins in California. Future surveys should
be conducted throughoue the year to determine if there are seasonal erends in
abundance and discribution, Future surveys should be extended norch to cen-
tral California, and concurrent joine surveys with Mexico should be initiaced
o pravide an abundance estimate for the entire popularion.
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ArpENDN

Rivest e @l (1995} provide a strarification scheme for reducing heterogeneiry in the
sighting probability of independent observers to estimare correction facrors for visi-
bility bias. For animals thac aggregate into groups, Rivest ef /. (1995) correctly srace
that “the group, noc the animal, is the unic for escimaring the correceion facrors.”
However, they incorrectly state that in the variance estimator group counts wm, can be
replaced with animal counts #;, g, where g, 15 the group size. The substitution works
for o7 and o bur noc for o, which should be:

¢
19
[
Porvin e @/l (1992) recognized thar using animal frequencies in the varance estimaror
would underestimare the true variance, but their group sizes were small and the vari-
ance asseciated with sampling parcels {(o7) was dominant, If group size is large, o}
would be severely underestimared by replacing group counts with animal counts. How-
ever, oy will only become importane if /is close o 1, which is obvious if we rewrite

the variance given in eq 3.4 of Rivesc ¢f of (1995 for H = 1 in terms of animal
counts (@, = n, g) as:

Iin a BlE — 1)

. et (€
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where m parcels are sampled from a eoral of parcels (f = m/M), # = n/m, 4 = d g,
and

F= "B _ Mt = Ma
ML

¥ (n, — @y
HE = (1 = )L

i — 1)
=]
i

adlfy = ﬂ

owln,.) =

The final term in (A1) represents the concribucion from ;. The dominant terms will
be (i and a8 unnl a substanoial portion of the ares 15 surveyed (e, approaches 1)
In addition, Rivest of of. (1995) did net address incomplete strarification of group
size 1 which a single strarum containg groups of different sizes. They complecely
stratified by group size 1o cheir example, with each group being either a single or pair
of deer. However, Potvin ef &f. (1992} applied che rechnique o a deer populacion and
serarified by singles, pairs, and groups of three or more. In the lacrer strarum the
average group size is a random varable and an additional component of variance is
needed. For incomplece seratification of group size, the escimaror for abundance is:

i M
= — " £ =
e pa .1,3;,..;

Rzt

>, =12
Al

Sy, s

where ' is the vector of correcrion factors for each scrarum and @ is & vector of che
total number of animals observed in each scrarum. The variance estimaror is the sum
of the elements in Table Al which replaces Table 1 in Rivest e af. (1993).

Table Al. Estimators of the variance compnents of double-count estimartor with
incomplete group size stratificacion,

Variance
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For complete stratification based on group size, ¢{f, } = 0 for each strarum and the
addicional rerm drops out, For a single correction factor (e, H = 1), (A1) becomes:
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W = 1""—’(.,1:-’-{5}[1 =) + i) + F
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The final rerm in (A2} represents the concribution from ;. which also only
becomes important as / approaches 1



